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Ganglioside IV3 (NeuAch, Ie (NeuAch-GgOse4 Cer 
(GQlb)' which induces tenninal differentiation in ke-
ratinocytes, was previously found to enhance the 
mass content of inositol 1,4,5-trisphosphate and in-
tracellular calcium concentration ([Ca ++];), peaking 
at 30 seconds. In the present study, the biphasic 
accumulation of 1,2 diacylglycerol, i.e., the first 
transient and the second sustained phase, was ob-
served in cultured human keratinocytes stimulated 
by GQlb. On the other hand, 113 NeuAc-LacCer 
(GM3), which inhibits keratinocyte proliferation 
without inducing differentiation, did not cause dia-
cylglycerol formation. Phosphatidylethanol, pro-
duced by transphosphatidylation and a potential 
marker for phospholipase D activity, was produced 
by the exposure to GQlb in the presence of ethanol. 
The second sustained phase of diacylglycerol was 
G angLiosides represent 0.1% of the total lipid in human epidermis, and 65% of t. he gan gLiosides of keratinocyte membranes is II' NeuAc-LacCer (GM3) [1,2]. GM 2 and GD) are also found in the epidermis in lesser amounts [1]. However, the 
content of IV) (NcuAC)2' Ie (NcuAc)2-GgOse4 Cer (GQ'b) is not 
known. GM3 has been shown to inhibit human keratinocyte 
proliferation without inducing differentiation [2]. On the other 
hand, we havc previously shown that GQ'b' a tetrasialogangLioside 
containing two disialosyl residues, induces keratinocyte differenti-
ation and reduces proliferation [3,4], as indicated by the fonnation 
of cornified envelopes, enhancement of tral1sglutaminase activity 
and its mRNA exprcssion [5] , and suppression of DNA synthesis. 
Phosphoinositide turnover has been shown to play an important 
rolc in the regulation of cellular growth and differentiation [6]. 
Growth factors and extracellular signaJs cause hydrolysis of phos-
phatidylinositol 4,5-bisphosphate (PIP2) through receptor-medi-
ated activation of phosphoinositide-specific phospholipase C (PI-
PLC). PIP2 hydrolysis generates two second messengers; inositol 
1,4,5-trisphosphatc (11\) induces Ca + + mobilization from intracel-
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repressed by ethanol, indicating that the diacylglyc-
erol-fonnation pathway via phospholipase D fol-
lowed by phosphatidic acid phosphohydrolase would 
in part account for the second diacylglycerol phase. 
Furthennore, this second phase ofGQlb-induced dia-
cylglycerol generation was reduced by pretreatment 
with propranolol, an inhibitor of phosphatidic acid 
phosphohydrolase. In addition, the levels of [3H]cho-
line, a direct metabolite of the phospholipase D 
pathway, were elevated within 1 min after GQlb 
addition and then sustained for at least 20 min. Taken 
together, the results suggest that the phospholipase 
D pathway may contribute to the second phase of 
diacylglycerol fonnation, which might be involved in 
differentiation. Key words: pltosplwclwli1le/cllolille/pllos-
phatidyletltallo1. ] I"vest Deytrlatol 104:835-838, 1995 
lillar stores and 1,2 diacylglycerol activates protein kinase C [7,8]. 
Upon stimulation with GQ'b' the mass contents of IP, and 
intracellular ca.\cium concentration ([Col + +];) were markedly en-
hanced, peaking at 30 seconds [4] ; tlus indicates tllat PI-PLC 
activation is a tl;gger for the onset of keratinocyte differentiation. 
Recently, receptor-mediated activation of phosphatidylchoLine-
hydrolyzing phospholipase D (PLD) has been widely demonstrated 
in various types of cells [9,10]. The hydrolysis of phosphatidylcho-
line by PLD yields phosphatidic acid (PA) under physiologic 
conditions, whereas in the presence of primary alcohols, the 
enzyme produces corresponding nonmetabolizable phosphatidylal-
cohols, the unambiguous products of PLD, at tile expense of PA 
generation [11] . For instan ce, in the presence of ethanol, phosphati-
dylethanol (PEt) is produced [11] . Produced PA could be an 
intennediate in the formation of diacylglycerol via the action of 
phosphatidate phosphohydrolase, as in the biosynthetic patllway 
[10] . In the present study, we exmnined diacylglycerol formation in 
cuJtured human keratinocytes treated with GQ1 b' We further 
investigated whether PLD was also involved in the onset of 
keratinocyte differentiation by examining GQ'b-induced PEt for-
mation. 
MATERIALS AND METHODS 
Reagents Thc quantitativc assay kits for 1,2 diacylglyccrol wcre obtaincd 
fro m Amcrsham (Buckinghamshirc, UK); [9.10-' H]myristic acid (39.3 
C i/ mmol) was purchascd from D u Pont-New England Nuclcar; [mcthyl-
' H]cholinc chloridc (85 Ci/ mmol) was from Amcrican Radiolabeled 
C hcmicals (St. Louis, MO); silica gel 60 platcs wcrc from Merck (Darm-
stadt, Gcnnany); and silica gel LK60 was from Whatman C hentical Sepa.ra-
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tion Inc. (Clifton, NJ) . GQ'b and GM, were purchased from latron 
Laboratories (Tokyo, Japan). The purity of preparations for GQ'b and GM, 
was determined by thin layer chromatography using silica gel 60 (Merck) 
and was more than 99%. All other chemicals were of reagent grade. 
Keratinocyte Culture Skin samples were obtained from the breast slcin 
of nomlal healthy subjects without any skin diseases . The slcin was trimmed 
of fat and incubated at 4°C in Hanks' balanced salt solution (HBSS) 
containing 500 U/ ml dispase for 12 h to separate epidermis from dem,is. 
Subsequently, the epidermis was incubated at 4°C in HESS supplemented 
with 0.05% trypsin and 0.02% ethylenediaminetetraacetic acid for 20 min 
with gentle shaking. Nter washing with HBSS, the cells were plated on 
60-mm collagen-coated plastic tissue culture dishes in low-calcium (25 /LM) 
Eagle's minimum essential medium containing 10% feta'! bovine serum, in 
which calcium was chelated by Chelex 100 (Bio Rad, Hercules, CAl, and 
then cultured at 37°C in humidified 5% CO2/95% air for 7 d . The medium 
was chal1ged every 3 d. 
Determination of Mass Content of Diacylglycerol Cultured kerati-
nocytes were washed twice with HBSS and were stimulated with 2, 10, or 
50 /LM ofGQ'b or GM3 at 37°C for the indicated times. Furthermore, these 
cells were pretreated with 200 /LM of propranolol, an inhibitor of PA 
phosphohydrolase, or vehicle for 10 min to examine the effect of proprano-
lol on GQ ' b-induced diacylglycerol formation. The reaction was terminated 
by addmg cold methanol. The cells were transferred to silicon-treated glass 
tubes containing chloroform/methanol (4:5, v/v) . Lipids were then ex-
tracted essentially as described by Bligh and Dyer [12], except that 0.2 M 
KC1I5 mM ethylenediaminetetraacetic acid was used instead of 2 M KC1 
[13] . The mass content of diacylglycerol in the cellu.!ar extracts was 
measured according to the procedure of Preiss el til [14] using diacylglycerol 
kinase. Briefly, the diacylglycerol in lipid extracts prepared from cells was 
converted quantitatively into [32p]PA by diacylglycerol lcinase in the 
presence of[32p]ATP. After extraction steps to remove [,2p]ATl> that was 
not reacted , [,2p]PA was separated by thin layer chromatography (silica gel 
60) witll the solvent system of chloroform/methanol /acetic acid (12:3:1, by 
vol). T he area corresponding to [32p]PA was located by autoradiography 
and then scraped off the plates, and the radioactivities were determined by 
a liquid scintillation counter (Beckman LS7s00) . To examine the inhibitory 
effect of ethanol on diacylglycerol production, the cells were preincubated 
with 0.5% ethanol in HBSS for 5 min before stimulation by GQ'b ' 
['H]PEt Formation in Cultured Keratinocytes For PEt-fonnation 
experiments, cultured keratinocytes labeled with ['H] myristic acid for 24 h 
at 37°C were preincubated with 0.5% ethanol for 5 mm. The cells were then 
treated with 2, 10, and 50 /LM of GQII, or GM, for the indicated times . 
R eactions were terminated by adding ice-cold methanol. Lipids were 
extracted accordmg to the method of Bligh and Dyer [12] . Autllentic PEt 
was added to each sample as standards, and phospholipids were separated by 
two-dimensional thin layer chromatography as reported previously [1 5]. 
Each spot of lipids visualized by iodine vapor was scraped off and the 
radioactivity was counted. The amount of formed ['HJPEt was represented 
as a percentage of total radioactivity recovered from the thin layer 
chromatography plate. 
Extraction and Analysis of Choline Metabolites from Cultured 
Keratinocytes Labeled with [3H]Choline Cultured keratinocytes 
were exposed to 0.5 /LCi of [' H]choliuc/ml for 48 h. The prelabeled cell s 
were then rinsed twice with Eagle's minimum essential medium and were 
incubated in ti,e medium for 1 h before incubation with GQ'b (10 /LM) in 
HBSS. The incubation was arrested with chloroform/methanol (1 :2, v/v), 
and the aqueous and lipid phases were separated as described by Bligh and 
Dyer [1 2). The aqueous phase was dried by centrifugmg under vacuum and 
was resuspended in 50 iLl of50% (v/v) etllanol, spotted onto silica gel LK60, 
and run in chloroform/O.5% NaC1/28% NH3 (50:50:1, by vol) to separate 
choline metabolites, according to the method of Yavin [1 6]. Standards of 
choline and phosphocholinc were also run and identified with 12 vapor. 
Data Analysis Statistical an alysis of the data was carried out by Student 
t test. 
RESULTS AND DISCUSSION 
Biphasic Diacylglycerol Formation Is Induced by GQ'b but 
Not by GMJ The mass content of diacylglycerol was measured to 
examine the effect of GQlb on diacylglycerol formation. As shown 
in Fig 1, the res ting level of cellular diacylglycerol in cultured 
human keratinocytes was 21.5 :±: 16.1 pmo1l106 cells. Upon 
stimulation of keratinocytes with GQ'b (10 J.LM), there was a 
biphasic accumulation of diacylglycerol: the first transient phase 
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Figure 1. Biphasic diacylglycerol generation h induced by GQ.b. 
The keratinocytes were cultured with 10 /LM of GQ'h (circles) or vehicle 
(lria"glcs) for indicated times. These cells were preincubated in HBSS with 
(ope" circles) or without (closed circles) the 0.5% e thanol for 5 mm . Values are 
means ± SD (bars) of duplicate detetrninations from three separate exper-
iments (n = 3). 
peaking at 45 seconds and a second sustained phase (Fig 1). 
Because GQ'b elicits the rapid and transient production of IF) 
peaking at 30 seconds [4], the first peak of diacylglycerol produc-
tion is nearly consistent with the phase of IP3 formation. The 
second sustained phase of diacylglycerol accumulation may origi-
nate from phospholipid(s) other than phosphoinositide, because the 
increase in the IP3 level is transient and it does not form the second 
phase. Cells were preincubated with 0.5% ethanol for 5 min before 
GQ'b stimulation to examine whether diacylglycerol content is 
affected by PA reduction, which is induced by the alternative 
production of PEt by the phosphotransferase activity ofPLD in the 
presence of ethanol. The second phase of diacylglycerol production 
was remarkably decreased under tllis condition (p < 0.005, average 
31% decrease) (Fig 1), whereas the first phase was essentially 
unchanged. Thus, the reduction in diacylglycerol by ethanol pre-
treatment also raises the possibility that there are other source(s) for 
diacylglycerol than phosphoinositide at the second phase. Phos-
phatidylcholine, wllich can be hydrolyzed by PLD, is considered to 
be a candidate as a source for diacylglycerol. 
This biphasic diacylglycerol formation was observed in cultured 
keratinocytes stimulated by 10 and 50 J.LM but not by 2 J.LM, of 
GQ'b (Table I). In addition, the mass content of diacylglycerol was 
measured after incubation with GMJ , which has been reported to 
inhibit human keratinocyte proliferation without inducing differ-
entiation at 10-100 J.LM . However, diacylglycerol formation was 
not observed upon treatment with 2,10, or 50 /-LM ofGMJ . 
Table I. Diacylglycerol Formation Is Induced by GQlb 
but Not by GMJ a 
GQ'b (2 /LM) 
GQ'b (10 /LM) 
GQ'b (50 /LM) 
GM3 (2 /LM) 
GMJ (10 /LM) 
GMJ (50 /LM) 
Vehicle 
Diacylglycerol Formation 
(pmo1l10· Cells) 
45 Seconds 10 Min 
38.5 ± 16.9 29.3 ± 20.0 
327.1 ± 24.7b 297.5 ± 15.0b 
418 .9 ± 25.2" 381.5 ± 19.5b 
18.7 ± 9.9 21.3 ± 11.2 
20.3 ± 9.8 15.6 ± 15.4 
23.4 ± 11 .3 15.9 ± 10.6 
21.0 ± 10.0 19.6 ± 18.8 
n Kcratinocytes were incubated with GQ lb' GMJ • or vehicle for the indicated times. 
Other cxpcriJTIcntal details arc described in the text. Values arc the means :!: SD of 
duplicate determinations frO I11 three separate experiments. 
/, p < 0.001 compared with vehicle. 
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Table II. Reduction of GQlb-Induced Diacylglycerol 
Formation by Propranolol" 
Diacylglycerol Fonnation 
(pmol/l06 Cells) 
GQ'h (10 p,M) for 45 seconds 
GQ'b (10 p,M) for 10 mjn 
Vehjcle for 45 seconds 
V"hkle for 1 0 min 
Without 
Propranolol 
327.1 ± 24.7 
297.5 ± 15.0" 
21.0 ± 10.0 
19.6 ± 18.8 
With 
Propranolol 
311 .0 ± 17.5 
193.6 ± 20.3" 
18.5 ± 13.1 
20.1 ± 12.2 
II C ultured kcrnonocytcs were prcincubatcd with propranolol (200 IJ.M) or vehicle 
for 10 min . They were then incubated with GQ", (10 J.LM) or vehicle for the times 
indicated. Other experimental detaiJs ilre described in the text. Values arc the means 
~ SO of duplic:1tc dctcflllin;)tiollS frol11 three separate experiments. 
11 p < 0.005, propr:lOolol pretreated I/C'-S II5 not prctrcntcd. 
Furthermore, pretreatment for 10 min with propranolol (200 
fLM ), an inhibitor of PA phosphohydrolase, decreased the second 
peak of GQ'b-induced diacylglycerol formation (Table II) . Be-
cause propranolol (200 fLM) suppressed GQ'b-induced cornified 
envelope formation from 273 ± 7 .8% of control levels (n = 3) to 
169 ± 19.3% of control levels (n = 3) (p < 0.005), tlus sustained 
phase of diacylglycerol generation may be involved in keratinocyte 
diffe rentiation, but not in proliferation. 
PEt Formation Induced by GQlb Experiments were per-
formed to investigate whether GQ'b can influence PLD activity. 
PEt is formed by the transphosphatidylation activity of PLD and is 
widely used as an effective marker for PLD activity because 
phosphatidylalcohols cmmot be formed by other pathways [10]. 
Upon addition of 10 or 50 fLM of GQ'b' [3H]PEt significantly 
increased after 1 min (p < 0.005) and reached a plateau after 10 
min, although it was not changed by 2 fLM (Fig 2) . In addition, 
CH]PEt was not generated by the addition of GM3 (2, 10, and 50 
fLM) (data not shown). These observations indicate that PLD was 
activated by GQ,b' 
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Figure 2. PEt formation by GQ'b in a dose-dependent manner. The 
keratinocytes preincubated with 0.5% ethanol were stimulated by 2 p,M 
(opelltriallgles) 10 p,M (closed circles). or 50 p,M (opell sqllares) ofGQ'b for th" 
indicated times. The cells preincubated with vehicle werc stimulated by 10 
p,M (opell circles) or 50 p,M (clowl circles) of GQ,h' PEt was mcasured as 
described in Materia ls alld MetllOds. Values are means :!: SI) (bars) of duplicate 
determinations from three separate experiments (n = 3). 
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Figure 3. [JH]choline (A) and [JH]phosphocholine (B) production 
induced by GQ'b in cultured keratinocytes labeled with [JH]cho-
line. The cells were incubated with GQ'b (10 /-LM) (closed sYlllbols) or 
vehicle (opell sYlllbols) for the indkated times. R esults are expressed as means 
:!: SI) (bars) of duplicate determinations from three separate e"'periments. 
The differences between GQ, b treatment and veh.icle were observed at 20 
seconds to 20 min in [JHlcholine (A) (p < 0.05 at 20 seconds: p < 0.001 at 
40 seconds to 20 min) and at 2-20 min in [JHlphosphocholine (8) (p < 
0.005 at 2 min; p < 0.001 at 3-20 min) . There was no significant difference 
at 20 seconds to 1 min in [JHlphosphocholine (8). 
Generation of Choline Metabolites Induced by GQlb Next, 
we examined the metabolites derived from phosphatidylcholine 
hydrolysis in keratinocytes stimulated by GQ,b' Cells were labeled 
to equilibrium with eH]choline (0 .5 fLCi / ml) for 48 h. More til an 
90% radioactivity was distributed among three metabolites, such as 
phosphocholine, choline, and glycerophosphocholi.ne, in unstimu-
lated cells. There was no significant change in [3H]glycerophos-
phocholine with or without addition of GQ,b' Mter addition of 
GQ'b (10 fLM), the levels of[3H]choline, a direct metabolite of the 
PLD pathway, were elevated witllin I min and then sustained for at 
least 20 min (Fig 3). On the other hand, the [3H]phosphocholine 
level showed a gradual increase after 2 min. AltllOugh the rapid rise 
ofeH]choli.ne levels might be due to PLD activation, the possibility 
cannot be excluded that interconversion between choline and 
phosphocholine, wluch is produced through phosphatidylcholine-
specific phospholipase C (PC-PLC), may occur via kinase and 
phosphatase [10] . In addition, it is possible that PLD may be active 
early but does not contribute to early diacylglycerol production 
because the conversion ofPA to diacylglycerol may be rate IinUting. 
The second, sustained phase ofbiphasic diacylglycerol formation 
was reduced by 31 % in ethanol-pretreated cells, suggesting that at 
least part of tlus diacylglycerol arose from PA by a phosphohydro-
lase. Formation of PA was reduced with a corresponding produc-
tion of PEt (Fig 1). The IP3 level after stimulation by GQlb' wluch 
was generated through PIP2 hydrolysis by PI-PLC, showed only a 
rapid transient peak [4]. Taken together, the data that the first phase 
of diacylglycerol production peaking during 30-60 seconds by 
GQ'b might be derived mainly from phosphoinositide through a 
PI-PLC- cata.lyzed pathway. On the other hand , the PLD pathway 
may contribute to the second sustained phase of diacylglycerol 
formation . 
In various cells including keratinocytes, phosphoinositide hydro-
lysis by PI-PLC is accompanied by increases in diacylglYGerollevels 
and transient activation of protein kinase C [3,17]. Although it was 
proposed that the prolonged diacylglycerol elevation may cause the 
sustained activation of protein kinase C, the physiologic signifi-
cance of the sustained diacylglycerol generation from phospbati-
dylcholine hydrolysis, as shown here, remains to be explored. The 
sustained phase of diacylglycerol generation would be of critical 
importance for differentiation in keratinocytes. 
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